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Hadron Colliders

Hera, Desy Tevatron, Fermilab

1.96 TeV p-anti p m <14 TeV p-p collisions

» 319 GeV proton —
electron collider collider

» Run 1992-2007

m Expect to turn on late 2009
Run Il started in 2002 at 7 TeV

» Accumulated
luminosity ~200 pb! in

Has delivered ~7 fbo! of ® Expect up to 200 pb! in the

ep and ~300 pb'ine data since 2002, and early run
je) running smoothly:

expect ~12 fb'! by end

of 2011

Most of the results Some prospects



Detecting High-Energy Hadron Collisions

m Similar detectors in hadron collider
experiments:

m |nner frackers
m Calorimeters
m Qutfer muon detectors

= Most measurements in the
transverse plane: E;, P;, missing E;




Outline of this Talk

m Establishing Electroweak and Top quark signatures
= W and Z bosons
m Diboson
m Top quark pairs
m Single top quark

= Standard model constrains using precision measurements

m W boson mass and top quark mass
m Electroweak fit and predictions for Higgs boson

= Top quark physics
m Measurements of properties
m Searches beyond the standard model



Establishing
Signatures

W and Z bosons
Diboson

Top quark pairs
Single top quark




Electroweak and Top Samples

m Span over a wide range of cross sections

. Tevatron Run Il pp at \s = 1.96 TeV
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= Until the past year only cleaner channels were observed: small
background, lower statistics  wy> vy  zZy>lly WW v WZS> Wil ZZ > 1l



Electroweak and Top Samples

m Span over a wide range of cross sections

Tevatron Run Il pp at \s = 1.96 TeV
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New this year: more data + the difficult channels, large backgrounds, no

easy kinematic handles Zy >vvy WW 2 lvjj WZ > IWvjj ZZ > vvjj Single top 2> Ivjj




Electroweak and Top Quark Physics

m Difficult signatures
are interesting
because they are
backgrounds in Higgs
boson searches

m Establishing processes
in different channels

= Allow us to Combine
to improve precision

m Gives us Confidence
in different modeling
and technigues

m Establishes
Consistency among
channels
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Prediction for Tevatron Run Il at \s = 1.96 TeV
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W(W+Z) - Ivjj

- Z(W+Z) - wij

Zjj — lljj

tj — Ivbj WW - viv
Z(W+2) - lljj
=

E WH — Ivbb "
B — ZH — vvbb H_)WVY—)M\
B M,=120 GeV - : M,=150 GeV
W06V L Zh L pb
: M, =120 GeV

i

|ij ijj | |u Iviv

» [n general, measuring cross sections:
= Could point out to new physics through deviations form the standard

model

= Establishes samples for making other measurements possible




Measurement Technigques

More sophisticated methods are used as the experimental challenges increase (i.e.,
small S/B, signal and background kinematically similar)

Counting events

Matrix Element TR

Form per-event
probability using matrix

Evaluate the probability of

each event for signal and

Use probability into one
‘ likelihood (discriminant

elements background hypotheses type or as a function of a
. | parameter)
| - )
Neural Networks, Boosted Decision Trees &L
5230%?23(32?%3323 Input variables from MC to ‘ Use outputasa i
\ train a multivariate discriminant, likelihood fit
in MC) package between data and MC




m Standard model prediction for W production at HERA ep=2>eW*X

Events

Striking signature: 2=e, 4 and v in the same event, with high p,

Could be a signature for new physics

Previously H1 reported an excess at high p*

Good agreement found, no excess observed

H1 + ZEUS (0.98 fb-1):

,=1.07%0.16(stat) 0.08(syst) pb | 0 = 1.26£0.19 pb

Preliminary
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W and Z

m W production charge asymmetry
expected to constrain PDFs

CDF Preliminary Run Il 1 fb”
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W Charge Asymmetry
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m Forward-backward asymmetry
measured in Z/y*> e*e"

= With 8 fo! Tevatron canreach a
precision comparable to the world
average

Tevatron Run Il pp at \s = 1.96 TeV
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0.5
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M. (GeV)

DO (1.1 fb1):

sin20,,=0.2326+0.0018(stat)*0.006(syst)
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m Observed at the Tevatron with ~3%
precision in the Zy =2lly channel -
consistent with SM

® First measurement using Z=»vv decay

DO (3.6 fb1):
a(Zy =2vvr) =32t 9(stat+syst) * 2(lumi) fb

m First observation, 5.1 o significance

m A new channel fo fest non-abelian
electroweak structure in detail

y4
2y * Limits on anomalous

JAVAV AV AV triple gauge
couplings (aTGC)
combining with

z LY=>Y to produce
some of the most
stringent limits on
neutral aTGC

Tevatron Run Il pp at \s = 1.96 TeV
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Tevatron Run Il pp at \s = 1.96 TeV
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m Measured in WW=|v v, offers a clean
and relatively high statistics final state

Cross Section (picobarn)
3 2

‘ x
t -

-

T

= A good understanding and modeling

-
e

of WW production is essential to any A T B
Ha>WW search SM predicts o (pp2WW) = 12.4+ 0.8 pb
CDF (3.6 fb-1): CDF Run Il Preliminary jl.=3.6fb"
o (WW) =12.1 * 0.9(stat) £ "6, (syst) pb | < . Fitted Templates [ wjots
= DO (1 fb'!) measures ,S'e 10010 EWL
o (WW)=11.5+2.1(stat)+0.7 (syst) pb - =%
“ * e
= DO and CDF use lepton py to set limifs 60 +Deta
on charged aTGC Bk

o 01 02 03 04 05 06 07 08 09 1
Matrix Element Likelihood Ratio (LRWW)

Events / 10 GeV/c

Use a matrix element likelihood
method to assign probability to signal/
background based on event
= kinematics
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WW/WLZ/L]

m Search for VV (V=W,Z) where one
boson decays hadronically

m Signal / Background ~ 3%
m EWK background: V+jets + top (~85%)
m QCD background: instrumental (~15%)

Cross Section (picobarn)
>

Tevatron Run Il pp at \s = 1.96 TeV

-4

T

w

>4

W & vyt 22 Hig i,

) Gey)

SM predicts o (ppPWW+WZ+WZ) = 16.8+ 0.5 pb

= No charged lepton requirement «10° CDF Runll Preliminary
o [ L B L I B
® |ncludes v vqq' aswell as v qq’ final 30 Daa G510 N
— EWK Uncertaint
states % - Backgr:L?r?damy
§ . Diboson Signal
- i [ Signal U i
CDF (3.5 fb_l): L 4 ‘ ignal Uncertainty

o (WW/WZ/ZZ) =18.0 £ 2.8(stat) £ 2.6(syst) pb

m First observation of diboson with
hadronic decays, 5.3 0 significance

0.4

0.2
0.0 !
-0.2[

40

80

100 120 140 160
Dijet mass (GeV/c?)

Fit invariant dijet mass in the event 14



Events / 10 GeV

WW/W/Z

» WW/WIZ=>|v]jj where we require a

lepton is the main background in WH
and ZH searches

m Different composition than previous
analysis: overlap is ~20 %

= WW and WZ are experimentally hard
to distinguish in hadronic channels

CDF (2.7 fb™"):
o (WW/WZ) =17.7  3.9(stat) * -4, ,(syst) pb

m First observation, 5.4 o significance

m Evidence presented by DO (1 fb')
o (WW+WZ)=20.2 + 4.5 pb

4+ D@Runll, 1.1 fb' 4 Data .
10 [ Diboson Signal| | ® F | rS'I' OTGC
3 [ WHets S :
10 [ Z+ets limits in this
@ Top
o I Multjet channel
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SM predicts o (pp=2WW+WZ) =16.1£0.9 pb

CDF Run Il Preliminary, L=2.7 fb’ Wwwswz

10* F

Y DW/Z+jets

EPD>0.75

0 0.2 0.4 0.6 0.8 1
Event Probability Discriminant

Discriminant based on probabilities built

using matrix elements for signal and
backgrounds
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TGC Summary

m Charged TGC: DO combines limits

using up to 1 fb! of data
= WW/WZD v, WAl viv, WIDIvI,

Cross Section (picobarn)
—cl - - - -
A - =5 ‘L < 3

Tevatron Run Il pp at \s = 1.96 TeV

WY=>vY
u +/gd/6 = ].074‘0.]6_0'20, /1 = O.OO+O'05_O.O4 Oﬂd g]z = ]O5
-0.06
m Results close to LEP2 individual results in A ; 2x g,Z;
2-3x A KT

m A combination with CDF results and 5 fbo! of data
will reduce the statistical uncertainty by a factor of
3, comparable or better results to LEP combined

= W boson magnetic dipole moment y,, =2.02+008
0.09(€/2My)

m Electric quadrupole moment g,,=—1.00 £ 0.09 (e/
My ?)

m Neutral TGC: DQO’'s best limits in

" |h7,] <0.033, |h7,] <0.0017 and |hZ,| <0.033,

| h?,0] <0.0017

>4

W 2 t Wy ¢ 2 Hps, M
Wy 50 Gevfo Ge

16



0 Tevatron Run Il pp at \s = 1.96 TeV
E —— CDf§ Run
i

»
——
ZZ 10* S DO Run Il
—&— Tevfitron Run Il Combined

m Smallest cross section of SM diboson
states

Cross Section (picobarn)
>

‘ x
t =

m /7=>|lll striking signature | T T
m First observation by DO, 5.3 ¢ significance o s e et 2 Ras g,
SM predicts o (pp=77) = 1.4+0.1 pb
CDF (4.8 fb™"):
o (ZZ) =1.56 *080 .. (stat.) * 0.25 (syst.) pb ;
. — CDF Run II Preliminar f Ldt=438
m 5.7 sigma significance o . =
:; 2 X I:lMCSignal
. oo 81 8:_ Background
m /7=>ljj or ZZ=>»vvjj mode not observed gl8¢
> | ¥ Data
yet at the Tevatron 1.6
> C
® |mportant benchmark for Higgs m1-4:—
searches (ZH) 12f
1= KX X
0.8
0.6/
04
0.2F
0:|||||||||W |||||||I 'M
0 50 100 150 200 250 300 350 400 450 500

4-leptons mass [GeV/c?] 17



W, Z, and Dibosons at the LHC

= W,Z
= [HC experiments expected to have much higher cross section
= ~2 million Z-> Il in the first flo’!
® Tevatron now has reconstructed up to 1.6 million Z=2|

= With a 100 fb'! expect sin?8,, competitive result to current world
average

= Dibosons
m | HC experiments have 10 times the Tevatron cross section

® |0 10 fbo! of data -> factor of 100 in statistics and 10 in sensitivity relative to
current TGC Tevairon

= 200 fully reconstructed ZZ events in first 10 fio! !



Top Quark Pairs

m QCD pair production is the dominant
source of fop quarks for study

m Cross section measurement tests
perturbative QCD at a higher energy
scale

m Surprisingly large mass, m,~175 GeV!

m Produced via QCD through gg or gg and
decays via EWK, BR(t =Wb)~100%

m Striking signature defined by the decay of

the W boson:;

Dilepton Lepton+Jets

Light quark jet

Cross Section (picobarn)
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SM predicts (m=172.5GeV): o (NLO) = 7.4*05,_ pb




0 Tevatron Run Il pp at \s = 1.96 TeV
E —#— CDFRunll

o

104 -— —&— DORunll

—&— Tevatron Run Il Combined
10°
2 o e =

"
10 L4 P | .
X

1 t L3
10 ,l: ,‘

w2 Wy o et 2 Mg Ry,
ey =y

SM predicts (m=172.5GeV): 0 (NLO) = 7.4+ pb

Top Quark Pairs

= Dilepton (lepton = e or p) (7%): a
= Smallrate, small backgrounds %

= Main background: Drell-Yan

Cross Section (picobarn)
>

= Taus (hadronic decay +lepton/jets) (15%):
m Small rate, large backgrounds Jet
®m Main backgrounds: multijet and W+jets Displaced tracks

z
Decay lifetime %
Lxy // econdary vertex
-

Primary vertex _ ~  /
/

= Lepton+lJets (lepton = e or u) (34%):

4

N\

do v
Prompt tracks

= Main background: W+jets

Can identify b-quarks through
secondary vertex fo reduce
backgrounds (non-W without

= All-hadronic (44%):
bottom/charm, W+light flavor jets)

m Large rate, large background

= Main background: multijet
20



Top Quark Pairs: Dilepton and All-Hadronic

-
Pretag Top Candidates With L PO 7>—=] op Candidates With Njet> 2

® Measure cross section in a tagged

and pre-tagged dilepton sample  cormmummmyean? I §  cor e son
=> good test of signal model ey JEC SR
ol o
CDF (4.5 fb!, m= 172.5 GeV), b-tagged: e || rie
o w(dil)=7.3%0.7(stat)*0.4(syst)*0.4(lumi)pb o Wzl vz
20k Epy-r (] ok MEov- T ]
DY IT Eoy- 1
CDF (4.5 fb"', m= 172.5 GeV), pre-tagged, : o | - - o
o-ﬂ (dil)=6'61’0'6(Siqi)io'4(sy5t)io°4(lUmi) pb 0700 200 300 400 500 600 700 800 0 50 00 150 200 250

scalar sum of event transverse energies, GeV transverse missing energy, GeV

m Consistent results m Measure cross section in a background

dominated sample

o 400 | .
o i . -
S | DO data, 1 fb = Background is hard To.model
I 4 B i Signal m Poorly known cross sections
§300 [ IBackground ® Data driven background model
()
200 [ = Train NN on signal and background to
purify the sample
100 [
. CDF (2.9 fb!, m=172.5 GeV):
o 4 (all-had)=7.2+0.5(stat) 1.5(syst)*0.4(lumi)pb

%.O 02 04 06 08 1.0 DO (1 fb-!, m= 175 GeV):
L o 4 (all-had)=6.9 *1.3(stat)*1.4(sys)*0.4(lumi)pb




Top Quark Pairs: Lepton+Jets

m Two different methods with very different S:B
m pre-tagged: topological separation of signal and background via neural net
m b-tagged: counting experiment

® Luminosity is the largest uncertainty in both measurements

" Reduce by normalizing to the measured Z cross secfion 5 _ pe gt
z
m Measure R and multiply by Z cross section from theory !

CEM_CNWP_ >3 CDF Il Preliminary 4.6 fb
_ >
Bl data (7348 evts)

e 1 RIN

2 (] t°P' M pata
z: - W+jets Il Top
- QcD [ single Top

s . a

0 01 02 03 04 05 06 07 08 09 1
NN output

CDF Run Il Preliminary L = 4.3 fb™

N [T
Bw+LF
.Non-W
W z+jets

- Di-boson

0

1 Jet 2 Jets 3 Jets 4 Jets =5 Jets

CDF (4.6 fb', m= 172.5 GeV), pre-tagged :
O 4 (I+j)=7.6%0.4(stat)*0.3(syst)*0.1(lumi) pb

CDF (4.3 fb'!, m= 172.5 GeV), b-tagged:
O 4 (I+j)=7.1%20.3(stat)*0.6(syst)*0.1(lumi)pb
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Tevatron Run Il pp at \s = 1.96 TeV

10°
E :t: i’F Run
{
Run Il
L 1

104 —

Single Top Quark

vatron Run Il Combined

m Electroweak production of single top
quark

102

-
o
L 1
| |
L

Cross Section (picobarn)

4

-

T

Predicted in ~1985 |
. . . w 2 W & Wy & Wy t 22 Hs, Ho1n %
= t-channel: Willenbrock and Dicus, PRD 34, s-channel(m=170GeV): & (NLO) = 0.99 +0.07 pb

155 (1986) t-channel(m,=170GeV): o (NLO) =2.15 +0.24 pb
m s-channel: Cortese and Petronzio, PLB 253, . o
494 (1991) S

/ q t
m Observed in 2009: 14 years after the w \/\/\/\%
top quark discovery! S O‘ b
AN
v b
I vl

CDF Run Il Preliminary L = 2.7 [

[l pata

W Tor

[l single Top
Bw+nr
7 Mistags
[l Non-w
Wz+iets

- DI-boson

-
e

® Not an easy measurement! €
= Small cross section

Events

m Large backgrounds with large
uncertainties

Allows measurement of CKM matrix
element |V, |

2 4 1 Jet 2 Jets 3 Jets 4 Jets =5 Jets




Single Top Quark: Tevatron Combination

= |n March 2009 the Tevatron experiments reported observation of with
about 50 significance (to be published in PRL this week)

m CDF and DO combined their results using a Bayesian approach:

Tevatron (3.2 fb1):
0,=2.76 *038 .. (stat+syst) pb

Single Top Quark Cross Section

August 2009

Tevatron (3.2 fb-1), PrRDs6 054024, 2002:
| Vi | =0.91 £ 0.08 (stat+syst)

CDF Lepton+jets 3.2 fb™ e+ 2.17i8:gg pb
CDF WET+ets 211 50 33 pb
DG Leptontjets 2.3 b 3.94 iggg pb

I

|

|

I

I

|

|

I

I

:

|
. . [ +0.

Tevatron Combination ! 2.76 _8 23 pb

Preliminary : ’
I

I B.W. Harris et al., PRD 66, 054024 (2002)

B N\. Kidonakis, PRD 74, 114012 (2006) Myop = 170 GeV
|

0 2

D@ 2.3 fb"
Measured Peak
SM
Ztu FCNC
gzm=0.04 gz

V,[=0.2

4 * e

X

Top-flavor
m=1TeV
Top Pion
" m,=250GeV

[ Jes%c.L.
Bl oo%c.L.
B 95% c.L.

A

t-channel cross section [pb]

DO (2.3 fb™"):
0 (t-channel)=3.14+094_, .. (stat+syst)pb

—_
IIII'IIII

lJlllllllIl'll[J'lllJllllJll

oQ

1 2 3 4 5

s-channel cross section [pb]
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Single Top Quark at Hera

e

m Search for single top in the e, u and hadronic W

decoy anomalous

/ coupling k
m Standard model single top is strongly suppressed t b
L . . . W\‘\ e, 1, T,hadrons
m Upper limit on single top production via FCNC q \<
process o (ep=>etX) and limits on the anomalous + hadrons
couplings k |
Limits on Single Top Quark Production via FCNC
1
‘n — =
T 10~ H1 Electron Channel 3 b H1
o L > [ (474 pb)
S 0.8 % A =My, =170 GeV
i = Anomalous top 7
0.6 A=m, =175 GeV
% Kiey = Viz =0
e | L3
L CDF -
0.2
0— | | | | | | é“" | | 1
0 . 0.4 0.6
ZEUS (prel.) Kl 1,



Top Pairs and Single Top at the LHC

= Top quark pairs will be 900=—— —
produced mainly by gg fusion soo- 5
in contrast with the Tevairon 700f o

600
500
400

= With 20pb-' and 10 TeV in muon+jets
channel 6% (stat)x30%(syst)x10%

| llllll | IlllVlLHlJIHJM\I IHH"

|IH| IIIIII I |||H|IHI[IHI‘

(lumi) (CMS) 300
= Long run expect to reach 200 E
comparable precision or better  100: \s[TeV]
than the Tevatron o ™54 "6 8 10 12 14
» Important calibration tools for = Single top quarks production
b-tagging algorithms and jet channels will include associated
energy scale corrections and production (W) and not very
systematic uncertainties sensitive to s-channel
X X * Precision measurements of
= Given the richness of the top properties of top in electroweak
signatures “when top produced top quarks will be
measured, experiment is possible

ready for discovery phase”
from K. Jon-And'’s talk



Precision
Measurements

W boson mass
Top quark mass

Predictions for Higgs boson mass
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W Boson, Top Quark, and Higgs Boson

= Measuring the W boson mass H
and top quark mass precisely ,

. W W
allows for prediction of the mass o ' \ o
of the Higgs boson FVVA VVY VUL
Ar o m? Ar » log m,

m Constraint on Higgs can point 1 —LEP1and SLD
to thSiCS beyond ’rhe 80.51 —LEP2 and Tevatron (prel.)
standard model A
>
(O]
. . O, 80.4
m Constrains the Higgs mass :
now, precision check of the >
EW theory after/if Higgs is -
found 80.3-
150 175 200
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W Boson Mass: Most Precise Result

m At hadron colliders, rely on tfransverse
variables: m; p;®, missing E; = inferred
neutrino p;

= m; most accurafe

m Requires precise measure of charged
lepton p; and hadronic recoll

m Use well-measured resonances to
calibrate Z boson, J/U, Y

m Requires detailed knowledge of detectors 10000

3 [(@Do0, 110" :EgtSaT e
: - K
» Perform fits to templates generated 2 75000 ot aoe.
from calibrated simulation by varying 2 -
My = 5000
= Measurement in the electron channel 2500 -

combining 3 fits: my, p; and missing E;

DO (1 fb-1): gé;}lf#ﬁﬂéﬁluﬁiTﬂhﬁ':::%':l++.,+i.+i:,ﬁ+.l:d*l++++l'}?h:|.+l#lﬁl-.£+:ﬁ'-:#ﬁml:i ot
= + + - Ei I |':.”T ?.1.] :I TlT ] Tlll | e

m,,=80401x21(stat)*38(syst)MeV SO A en s |
m; (GeV)



W Boson Mass: Most Precise Result

m At hadron colliders, rely on transverse

variables: m; p;®, missing E; = inferred Using similar fechniques and
neutrino p;Y dataset, DO measures W top
= m- most accurate width by fitting m; tail

.

m Requires precise measure of charged S P09 <«
lepton p; and hadronic recoil B A N
m Use well-measured resonances to DO (1 fb'):
calibrate Z boson, J/¢, Y [ w=2.028+0.072(stat)*38 GeV

m Requires detailed knowledge of detectors

DO Preliminary, 1 fb’
v2/d.0.§=75.2/75

" DATA

m Perform fits to templates generated

Events/2 GeV

from calibrated simulation by varying o L ]
mW DZ—)ee

102:

® Measurement in the electron channel “’;?
combining 3 fits: my, pr and missing E; T
DO (1 fb™'): f ++++H++*++++++++++++H+ | +++H++++H++++++++++H+H+++++++++HH++ i
m,,=80401+21(stat)*38(syst)MeV 50 100 150 e




W Boson Mass: Future Precision

m Limited by the size of the Z
sample. Willimprove with  __5
more data

® Tevatron measurements
Improving the precision of
parton distributions functions
(ex. W charge asymmetry

previously shown) \

Tevatron goalis 25 MeV per

experiment

DO m,, Systematic Uncertainties (1 fb-')

Systematic Source d my,
(MeV)

Electron energy scale
Electron energy resolution model
Electron energy nonlinearity

W and Z electron energy loss
differences

Recoil model
Electron efficiencies
Backgrounds

PDF

QED

Boson p;

Total

34
2
4

37

32



W Boson Mass: Tevatron Combination

m Combine previous results, including CDF Run Il measurement using

200 pb': My, = 80413+34(stat)£34(syst) MeV

Tevairon Average:

m,,=80420*31MeV _

World Average:
m,,=80399t23MeV

CDF Run 0/1 —— 80.436 = 0.081
DO Runl ——&—— 80.478 + 0.083
CDF Run I —— 80.413 + 0.048
Tevatron 2007 ——i 80.432 = 0.039
DO Run Il —o— 80.402 + 0.043
Tevatron 2009 —@— 80.420 + 0.031
LEP2 avera

World average - 80.399 = 0.023
L I | July09

80 80.2 80.4 80.6
m,, (GeV)
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Top Quark Mass

Lepton

® Measurements in the 3 channels: dilepton, lepton
+jets, all-hadronic

Light quark jet

m Different difficulties than in W mass measurement
m Can only measure jets resulting from quarks

m Jet-parton assignment
m QCD radiation

bjet

FSR jet

m Jet energy scale (JES) uncertainty dominates

[~3%] HAD [
= Can be reduced via in siftu measurement from = S
. - Calorimeter jet
hadronic W mass a

Particle jet
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Top Quark Mass: Most Precise Result

= Lepton + Jets and All-hadronic
channels

m Fully reconstructable final state
m Reduce jet combinatorics and

background by requiring 21 b-tag 04
® Maftrix element or reconstructed m; 0

technique for probabilities
m |n situ JES calibration

CDF Run Il Preliminary 4.3 b

1.4
1.2
1
0.8
0.6

A s (0)

0.2
— A(nL)=-05
— A(InL) =-2.0
— A(nL)=-45

-0-6 IIIIIllllllIlllllllllllllllllIlllllllllllll
167 168 169 170 17 172 173 174 175 116

-0.2

-0.4

= Form 2D likelihood as function of top m, (GeV/c’)

mass and shift in JES error

. Complementary techniques
independent of JES

m | xy, lepton p;

= Dilepton channel

Can't constrain JES

CDF (4.3 fb'"):
my(1+j)=172.6+0.9(stat)*0.7(JES) £1.1(syst)GeV

Two neutrinos result in kinematically underconstrained system
Requires integration over at least one variable

Matrix element or templates integrating over one variable

35



Top Quark Mass: Tevatron Combination

Mass of the Top Quark (*Preliminary) Tevatron (Winter 09)
© = + +
S (67441034 4.9 m,=173.1 * 0.6 (stat) £ 1.1 (syst) GeV
' o m=173.1 £ 1.3 (stat+syst) GeV
DO-l di- 168.4+12.3+ 3.6
N ) [ —
CDF-l di 171.2+2.7+29
. ' ——
DO-ll di-t 174.7+29+2.4 , ,
—_— — * Channels are consistent with each
176.1+ 5.1+ 5.3 other
. ——._—
DO-1 1) 180.1+ 3.9+ 3.6
'CDE-II [+ n « Different methods to measure m;
J 172.1+09+1.3 ,
. | produce consistent results
DO-1 1+ 173.7+0.8+ 1.6
. . . . .

CDF-I all 186.0+10.0+ 5.7 . Workmg on improving systematic
Dl al —.— uncertainfies: are all effects covered,
COF- 4l 1748+£1.7£1.9 are they covered more than once 2
N ——
CDF-ll trk 175.3+ 6.2+ 3.0
‘Tevatron March'09 B 1731+ 06+ 1.1
hep-ex/0903.2503 " T (stat)® (syst.

| | | | */f/dof'= 6.3/10.0 (79%)

|

150 160 170 180 190 200
m,,, (GeV/c?)
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Top Quark Mass: Future Precision

= Using CDF as example CDF m; (I+j) Systematic Uncertainties 4.3 fb-!
Systematic Source m;,, (GeV)
Calibration 0.1
MC generator 0.5
- CDF Top Mass Uncertainty Radiation 0.4
(all channels combined)
10 Residual jet energy scale 0.5
~ 1fb' 2fb" 4fb" 8fb" :
% i ! ! ! ! b-jet energy scale 0.4
o7 ¥ Lepton p; 0.2
s TR e,
e Y CDF Results LY AMM <1% Multiple hadron interactions 0.1
= 10
< ! L ¥ RunllaLJ goal (TDR 1996) PDFs 0.2
E Scale A(stat)/\ff, Fix A(syst)
i (assumes no improvements) Bcckground 0.5
| e Scale aftotal) NL Color reconnection 0.3
L e
102 10° 10* Total 1.1

Integrated Luminosity (pb™)

Magnitude of systematic uncertainties are comparable.

Single experiment top quark mass precision reaching 1 GeV
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(In)direct Constraints on Higgs Mass

» World top quark mass and W boson masss included, from LEP/TEVEWK working

6

group:

" m, =87+35-26 GeV
" my <157 GeV (95% CL)

" my,< 186 GeV (when LEP limit included)

August 2009 My =_157 GeV  _
(5)
- CE AOChad - -
. 1 —0.02758+0.00035
i -+ 0.02749+0.00012
- i oo+ incl. low Q% data —
Excluded /" Preliminary
1 1 1 T | T
30 100
m,, [GeV]

300

1 —LEP2 and Tevatron (prel.)

August 2009
I I |

----- LEP1 and SLD
68% CL

.
Pie
-

-
........

150 175 200
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W Boson and Top Quark Mass at the LHC

= W boson mass:
= Expectations using 15 pb-' and 14 TeV (ATLAS)
= m;¥ ~ 60 (stat) +- 114 (syst) MeV
= p;/ ~ 110 (stat) +- 230 (syst) MeV
= Reaching Tevatiron precision will require time

1600 -
R il mass: oo T NP

= Expect 2 GeV with 1fb-! and 14 TeV 51200 T~ —

= Constraining the light JES, main “1000

uncertainty will come from b-JES 800

= With enough statistics the LHC 800

experiments should be able to reach 0

1GeV o -

= Large datasets should provide "% 0 150 20 250 MG

good handles on systematic uncertainties



Top Quark
Properties

Properties of the top quark

Searches in the top quark sample
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Top Quark Properties

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.Ibl.gov)

[£] 1(0P) = o(}7)

Charge = % a Top = +1

Mass m = 174.2 + 3.3 GeV [b] (direct observation of top events)
Mass m = 172.31L1(7):g GeV  (Standard Model electroweak fit)

t DECAY MODES Fraction (I';/T) Confidence level (M;)V/C)
Wq(q=b,s, d) _
W b _

{ vganything [cd] (9.4+2.4)% -
Tv-b _
vq(g=u,c) [e] < 5.9 x 10~3 95% -

AT = 1 weak neutral current (T1) modes
Zq(g=u,c) T1  [f] < 13.7 % 95% -




Top Quark Properties Summary

Run Il Measurement SM prediction Luminosity (fb-1)

CDF: 172.6 + 0.9(stat) £ 1.2(syst) GeV

DO0: 174.2 + 0.9(stat) £ 1.5(syst) GeV 3 6
O tibar (@M=172.5 GeV) CDF: 7.50 £ 0.31 (stat) £ 0.34 (syst) £ 0.15 (lumi) pb 7.4+0.6 pb 4.5
0 wpar (@M=170 GeV) DO: 7.84 %046 , . (stat)*0-66-, o, (syst) *0-54 , ., (lumi) pb 8.06 +0.6 pb 1
T singletop (@M=170 GeV) Tevatron: 2.76 *0-%8 . (stat+syst) 2.86+0.8 pb 3.2-2.3
| Vip | Tevatron: 0.91 + 0.08 (stat+syst) 1 3.2-2.3
o (gg->ttbar)/ o (qq->ttbar) DO0: 0.07+0.15-0.07 (stat+sys) 0.18 1
mi - mﬂ)ur DO: 3.8 i 3.7 Ge\/ O ]
o (tt—=ll)/ o (H—l+jets) DO: 0.86 017, (stat+syst) 1 1
o (H— T 1)/ o (tt—ll + I+jets) D0: 0.97 *032_ o (stat+syst) 1 1
O tibar+jets (@M=172.5 GeV) CDF: 1.6 £0.2 (stat) £ 0.5 (syst) 1.79+0.16 -0.31 pb 4.1
CTtop CDF: 52.5um @ 95%C.L. 1010 ym 0.3
Ttop CDF: <13.1 GeV @ 95%C.L. 1.5 GeV 1
BR(t->Wb)/BR(t->Wq) CDF: >0.61 @ 95% C.L. 1 0.2
D0: 0.97 *007_ i (stat+syst) 0.9
Fo CDF: 0.62+0.11 0.7 2
DO0: 0.490 +0.106 (stat) £0.085 (syst) 2.7
F. CDF: -0.04 £ 0.05 0.0 2
D0: 0.110 +0.059 (stat) £0.052 (syst) 2.7
Charge CDF: - 4/3 excluded with 87% C.L. 2/3 1.5
DO: 4e/3 excluded at 92% C.L. 0.37
Spin correlations CDF: k =0.32+0.55-0.78,-0.46 <K < 0.87 @ 68%C.L. 0.78 9022 2.8
DO: k =-0.17 %065 .. (stat + syst) 4.2
Charge asymmetry CDF: 0.19 £ 0.07(stat) £ 0.02(syst) % 0.05 +0.015 3.2
DO: 12 *8 (stat) £ 1 (syst) % 0.9




Searches in the Top Quark Sample

7 1 — P
Expected limit 95% CL o2 5 T ] imi ol
S 09 = Gbsorvod limit 95% GL £+ “ D@ Preliminary 0.9-2.7 b 5[ DO Preliminary 0.9-2.7 ft &+ [ DD Preliminary 0.9-2.7 fb"
T 0.8 T tnlna ©® Measured Peak © Measured Peak = ® Measured Peak
o
T 07 15 [es%c.L. 150 Ef’% cL. asl [les%c.L.
206 Woo% L. 90%C.L. Moo c.L.
T os Wos%c.L. ) Bosxc.L. WoswcL.
< L
0.4 ) 1
o - CPX scenario
0.3 5 I Theoretically inaccessible
0.2 g MIBr(H' — ¢ 5)+Br(H' —1v)<0.95 05 0.5
p : \ — Expected 95% CL limit -
.6 | | J ‘ ‘ | ‘ : ‘ | DIExcluded 95% CL region g
80 90 100 110 120 130 140 150 160 80 90 100 110 120 130 140 150 160 q 1 2 3 2 q
M, [GeV] M,.[GeVl] & 2 3 2 i
L2 "1
a .. IfS1
a % . - D@ Run Il Prelimiiary (11w T op T Parton Level A% below M, Edge
T =2 = 12~ , D@ 0.9fb' = predicted s T T T T T T T T 3 2 4.5 — Expected limit 95% CL | 06 - —
] s ~ o m,.=90GeV 8170 my=Mg /2 o = - ith rainty b E CDF Il Preliminary L=3.2 fly
= s o, miz13seev| S Expected limit @ 95% CL £ 4 with uncertainty band | s ¥ Ao,
S 1o * = £ F r=04,5 =02 Q E T a5 - Observed limit 95% CL E S
SR s Excluded regi % CL ] x 3 . § F w™19:5%
- o RN Excluded region @ 95% C ] 5% Topoolor Z (CTEQSLY) § . asf- i oo dependence
Sy E g< < F = NLO Model
o E 2.5 DQ, L=0.9fb" § 3 °3F
i 3 1.5 45
3 1 E Y 3
2 ] 05 : 1 : p—
= I I I 1 ] F
| L 1 1 L I | E
) [ Observed 07930 140 150 160 170 180 180 3 $00""400 500 600 700 800" 900 1000 1 R TR T ; g ; ;
2 T T T G 500 600 700 800 900 12000
%0 100 120 140 160 180 m, [GeV] N N MOANRNNY 3 M, [Ge! M, edge (Gevic?)
| 370 380 390 400 410 420 430 _ 44 p -
IGevl m, (GeV) CDF Il Preliminary 2.2 fb a CDF Il Preliminary 2.2 fb’
) F T T TR I T T ] CDF Run Il preliminary, L=2.8fb" CDF Run ll Preliminary, L=955 pb” o ' ' ! 9 7 ' ' '
2 1.2 Expected limit 95% CL —| 4 35 =X —theory, NLO Q —theory, NLO
= . ] g °F | —a Expected imitat95% C.L r — Vo — ¥ N
— r Expected limit 68% CL ] a5l Copoctod it at95%,OL 1 F \ — — upper limit @ 95% C.L. — — upper limit @ 95% £.L.
= 1= Y J T 3 —=— Expected Limit at 95% C.L. [Jexcluded [Jexcluded
T r * Observed X cross-sectiory Expected limit at 95% C.L. 12 E ; ;
PYs F i 3 C Expected Limit at 95% C.L. 1o 0 2 4 B 2k _
@ 0.8 -~ Topcolor ' (CTEQ6L1) 3 e oveedimtatssn oL 250 e OssencaimitatssCL
5 08 [ TopeorZ (CTEQGLY) el B 1 1
© F o T ] 2 h=t h=
0.6 Preliminary - g g <
F ' . 151 o q 4 @ 4 -
0.4 ] E . OX X
0.2F J ! r 28 g 2
s ] r o Zs Za
r 1 05f e 2 o}
L L I W O I ] 0 E i 0 L L v — 0! L L L
fbo 400 500 600 700 800 900 1000 1100 450 500 550 600 650 700 750 800 850 800 500 500 700 %0 T 0 0.01 0.02 0.03 0.0 0 0.05 0.1 0.15 0.2
M, [GeV] My, [GeVicT] Mass of Z'-Like Resonance [Gev/c’] - .
x
= T T T T T T T T T CDF Il Preliminary CDF Run Il Preliminary [2.2fb™) % — g
5 Tugged Anti- ngg(’d Control I: F - obSeNed 95% cL 95% C.L. Observed Limit - CDF Run Il Preliminary: 1.9 fb’
= (13 Events) (53 Events) (136 Events) NP To.sf —e— Observed @ 95% C.L. %0 COF Run y @717 16fs -[—— Expected Limit
= ® Data(1.9fb ") CDF 11 Prelimi = " 10 B b & e = —— SMexpected @ 95% C.L. s BRUEoLYI=0 m(E)=125.8 GeVic? | | [ 10 Expected Limit
ata (1. reliminar H > s f BR(,~>7'b)=1 = —e— Observed Limit
40 [ FCNC tt (3.7%) fLdi=19 ﬂ)—ly g:{ig::%é VA RS Graviton k/M,,=0.10 S04 [Jeencrsm@osnce. 80 ARG I 1= sww ew) > )
Fit Uncertainty ' ® I{:t:t't‘tzg?//l {i E [ esnorsm@osci. 756 g F —— SM W' MOW) < M(v)
. [ ~ RS Graviton k/M,=0.20 = 0l H Y PR
0z intraLD - | U e T
50| B Standard Model @ s s Ty & ool
B Diboson (WZ, Z2) 10 Eessss) 7 02 g 2 o6
R leesd L 60) =
St [ E
é B % %% L i & N
o 2 4 6 0 2 4 6 0 2 4 6 8 B S 55 %050 100 110 120 130 140 150 160 BN \’ 160 170 180 190 hlaaad it
0 200 400 600 800 1000 1200 1400 M )(GeVic’) m(E) Gevic?

Unfolded M, [GeV/c’]




Top anti-Top Spin Correlations

]
<

m Only top quark decays before its spin flips
m Information on of the spin carried by the decay products

Summer

e
ré’%

R

anti-lepton Vv

3 t 4 b jet
51 = = v_ quantization axls
- ' ’ Boost to Top ,'/
q =/>< : q rest frame - ; _';‘,.
anti-lepton
= b jet

|

® Measurement can give an upper limit on lifetime, lower limit on Vtb and
also limits beyond SM physics . NOD+NAD-NOGD-NT)

CNAD+NG D +NA D)+ NG )
SM predicts £=0.78

m First results from Run Il (dilepton channel)

DY Run II preliminary D Run II preliminary (4 3]
sk 0 . -
g 025 Ay . . F4 0 - B9 ¢f, SM spin corr. Do (4 fb 1 ):
% Pg - EEEES BEbbl tf, Pythia SM spin corr. C — (i no spin corr
§ 02__ — 1, Pythia no spin corr 60:_ BEzy->1n K =-O. 1 7 +0'64
-~z - — Diboson -0.53
50 C — Multijets
0asf- M: Beam axis
F (2.8 fb):
W CDF (2. ):
C - - +0.55
0.05 - — P,
10F K 0 . 32 -0.78
=22 A EPIPEP IPIPIN BPEPIPE TP EPEPIP B T 3 . .
-1 -08 06 -04 -02 0 02 04 0.6 0.8 1 - -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 -
cos(6,)cos(0,) cos(B,)cos(6,) O ff d l O g O n O | OX' S




Search for CPT Violation

m Measure mass difference between

m No violations ever observed, but th
quark sector

t and tbar

is is tThe first CPT measurement in the

m Releasing constraint on m, = m,,. measured in lepfon + jets events using

matrix element technique

5 ol SIS DO 1"

165 170 175 180
m, [GeV]

165 170 175 180
m, [GeV]

DO (1 fb1):
Am=3.8 3.7 GeV

. dummer S

R

m Consistent with SM expectations 45



Searches in tt Production

m No resonance production in ttbar system is
expected in the standard model

m Some models predict ttbar bound states

m Top color assisted technicolor predicts leptophobic 7'
with strong 3@ generation coupling

m Experimental check: search for bumps in ttbar

reconstructed mass spectrum

m Sufficiently narrow so that width is dominated
by detector effects

Events/25GeV

—_
Y
~

s Prelim. [ ]Z (650 GeV)

DO, L=3.6 fb' = Data

M i

[ Wijets
Other MC
Multijet

events/20GeV/c?

10

7' with 1.2% width:

DO (3.6 fb1):
>820 GeV

CDF (2.8 fb"):
>805 GeV

CDF Run Il preliminary, L=2.8fb"

102 —

600 700 800 90D 1000
M, [GeV/c)]
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Searches in tt Production

®m Forward-backward asymmetry
_ F-B
» F+B

® Parity violating new physics can
appear as a large asymmetry

A

» Because the LHC is dominated by Reconstructed Top Rapidity

2 R L WL I B T [T

gg production this measurement will ¢ 200 A -o00s8=003s TN E

b f d.ff. H' 180F AmBkg-=-0.01Qi 0.0026 _+_ =3 Signal + Bkg |3

€ 1ar more aifcu E | Ap®=-0.059+0.0079 * 776 events | 1

160 relimina —_

1403— CDFLILPS'ZIW : —+— |:IBK1967 events _f

CDF (3.2 fb'1): - T E
A,=0.193 * 0.065 (stat) * 0.024 (syst) % 3 E

80—
m SM predicts at NLO A,=0.05+0.015 % 60F" —— ﬁ*
40—

m Agrees with SM within 2 @ 0 ﬁ

-2 -1.5 -1 -0.5 0 0.5 1

—
2
g
2 pollLl

y=)
*
<

= DO result using 1 fbo': B SUmmer =

A det =0.12+0.08 +0.01 % WO
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Summary and
Conclusions
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Summary and Conclusions

Tevatron making precision measurements to help constrain SM
m Examples shown: W charge asymmetry, sin?8 ,

In the last year we have expanded our experimental reach on signatures

m Confidence in our experimental tools while establishing challenging processes
on our way to the Higgs boson (diboson, single top)

Top quark cross section known to 6.5% (better than theory!)

Top quark mass known to 0.7%
m Tevatron should be able to reach 1 GeV

W boson mass Tevatron combination better than LEP2 average!
m Tevatron should be able to reach 20 GeV

Top quark physics beginning to have sensitivity to unexpected in particle
properties and in the data samples

In the near future, LHC will rediscover top and use it as most likely the most
important stepping stone to find new physics
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Single Top Quark: Results

m Combine different multivariate analyses into one: Single top
) D@ Single Top 2310
- DO USIng 23 fb_] Data ¢ Wijgts Il

N th+tqgb MR tf
*10 uncertainty § Multijets -

on background

m neural networks, matrix element, boosted decision
frees

Event Yield
(0]
8

i 40
400

20

m CDF using 3.2 fb!

m neural networks, matrix element, boosted decision
trees, likelihood

200

b8 085 09 095 1

0 0.2 0.4 0.6 0.8 1
Discriminant Output

: Missing ET+jets selection:
Single to .
9 P Recover badly reconstructed e, u:include t
200
CDF Run Il Preliminary, L = 3.2 o'
150 } + B single Top
B W+HF
100 } -
B
sob ] QCD+Mistag
B, B orer
A
0 02 04 08 08 1 % -05 0 05 1 *— Data
Super Discriminant MJ Discriminant
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Single Top Quark: t-channel

® Measure t-channel cross section by removing s/t channel constraint

m Ratio could be changed due to additional quark generation, new heavy
bosons, FCNC, anomalous quark couplings

m Measure t-channel and s-channel simultaneously

D@ Run Il preliminary 2.3 fb™!

H
o
o

DO (2.3 fb'):
o {(t-channel)=3.14*%% , .. (stat
+syst)pb

First evidence with 4.8 o

signal region

W
o
o

Yield [Events/0.02]
N
(=}
o

02 04 06 08
Ranked t-channel Output
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Searches in tt Decay

m Search for charged Higgs using etjets, utjets, ee,
eu, ud, T e and t ufinal states from top quark
pair production event

m Different scenarios of possible H* where
m decays purely hadronically info ¢ and s quarks
m decaysintoa 7t leptonand a t neutrino
m pboth decays appear

10°- D@ Runll Preliminary -
] Br(H" — ¢ 3)=1 c
® Data(L=1.0fb" S
— tt Br(t - H'b)=0.0
— tf Br(t - H'b)=0.3
— i Br(t - H'b)=0.6

Nevent
®

background

102‘5 s

—@-

10

CPX scenario
[ Theoretically inaccessible

M BrH — ¢§)+Br(H —tv)<0.95
— Expected 95% CL limit
EZElchudedI 95% CL| region

80 90 100

10

l | |
l+jets 1 tag l+jets 2tag dilepton  1+lepton

110 120 130 140 150 160

M, . [GeV]
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Events/10 GeV

W/

m WZ=>|v Il observed in 2007
m TGC limits by DO and CDF

m W7=>|v jj not yet observed at Tevatron
m Could distinguish from WW via b-tagging

Tevatron Run Il pp at \s = 1.96 TeV

105E
-
ad .
§

3 i
=
S 102 L
g
2 10 v _
[T} 1

10" i I I

el Gey)

SM predicts o (pp=2WIZ) = xx £ xx pb

m Higher cross section than low mass Higgs but softer (WH)

m WZ=>jjll not yet observed at Tevatron

= CDF calculates TGC limits using the leptonic (M,) and hadronic (M;) invariant

masses
= First charged aTGC limits in this channel
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tt +jets Cross Section

m |[mportant test of perturbative QCD

m NLO effects play an important role in the calculation of the theoretical cross
section

® Most top events at the LHC will be produced with additional jets
m Background for many new physics signals

B Measurement using b-tagged events in the lepton plus jets channel

m Data-driven background expectation T 35¢ PR —————
m 2D likelihood simultaneously measure ° aE W 68% CL
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